Molecularly imprinted polymers (MIPs) specific for benzo [α]pyrene (B[α]P) have been synthesized in different solvents in order to study the corresponding morphological changes and adsorption properties. The adsorption capacities of the MIPs towards B[α]P were evaluated from the adsorption kinetics and isotherms. The lowest adsorption capacity (45 ng/mg) was found for MIP synthesized in chloroform, while MIP prepared in acetonitrile had the highest adsorption capacity. In order to complement the experimental observations, HyperChem software-based computer simulations were used to calculate the interaction energy between B[α]P and the functional monomer (methacrylic acid) in different solvents. The theoretical predictions correlated well with the experimental results and the method proposed in this study could be useful in the combinatorial screening of polymer precursors for the preparation of polymers with the desired properties. The presence of an organic solvent plays an important role in the formation of pores which, in turn, have a profound effect on the polymer adsorption properties.
INTRODUCTION
Molecular imprinting (MIP), i.e. the polymerization of monomers in the presence of a target molecule that imprints structural information into the resulting network polymers, is an expanding scientific field that is rapidly gaining significance for a wide range of applications in biotechnology, pharmaceutical research, and in environmental and defence fields. In order to fabricate the MIPs, functional monomers and templates are first allowed to form a self-organized architecture via molecular assembly. Polymerization in the presence of a cross-linker is then performed to fix the self-organized architecture. The imprinted template is subsequently removed from the polymer matrix, leaving the template's memory behind (Krupadam et al. 2007; Haupt and Mosbach 2000) .
Due to their similarity to natural antibodies in terms of their ability to selectively and strongly bind to a target molecule, MIPs have been widely recognized as synthetic and robust alternatives to antibodies. Great efforts have been directed to applying the molecular recognition capability of MIPs to biosensors (Krupadam et al. 2009 ), chiral separations (Wulff 2002), solid-phase extraction (Hwang and Lee 2001; Vallano and Remcho 2000) , and antibody and enzyme mimics (Piletsky et al. 1999) . MIPs are generally highly cross-linked thermosets and, hence, porosity is a necessary property of their morphology, allowing permeability and the transport of templates to the bulk polymer. Previous work has led to the general observation for imprinted polymers that optimum binding occurs when the polymer is exposed to the same conditions of synthesis (Stevenson 1999) . The reason for this lies in the postulated mechanism of template recognition by an MIP, originating basically from two factors, (i) the shape of the imprinted cavity and (ii) the spatial positioning of the functional groups coordinated by the template and integrated into the polymer network during the polymerization stage. The imprinted site usually binds the template via an electrostatic driving force, i.e. hydrogen-bonding, ionic interactions and/or π-π bonding, and hence the likely selective solvents are aprotic and organic (Marty and Mauzac 2005; Wulff 1995) . The solvent used in MIP synthesis is usually well chosen since the template effectively forms the pores via the above forces in this solvent (the "template effect").
In the present study, the effect of the solvent on the surface properties of imprinted polymers specific towards benzo[α]pyrene (B[α]P) was investigated. B[α]P is a carcinogenic atmospheric pollutant formed by the combustion of fossil fuels. It is interesting to note that B[α]P does not possess any functional groups and hence the imprinted cavity formed has to be geometricallyspecific. Computational predictions were carried out using the ab initio method at the basis function 3-21G level to determine the weak interactions existing between B[α]P and functional monomers in different solvents during polymer synthesis. Several groups of workers have previously reported the development of MIPs for the selective adsorption of various templates containing functional groups (Takeuchi et al. 2000; Piletsky et al. 2001; Sellergren and Shea 1993; Wu et al. 2003) . Here, we describe for the first time the preparation of a B[α]P-imprinted polymer using combinatorial screening to chose the appropriate polymer precursors for improving the adsorption capacity of the polymer.
EXPERIMENTAL

Materials
The B[α]P-imprinted polymer was synthesized via bulk polymerization using B[α]P as the template, methacrylic acid (MAA) as the functional monomer, ethylene glycol dimethacylate (EGDMA) as the cross-linking agent and 2,2-azobisisobutyronitrile (AIBN) as the polymerization initiator. All the chemicals necessary for this preparation were purchased from Sigma-Aldrich (Buchs, Switzerland). The chemical structure of the polymer precursors is presented in Figure 1 . The solvents used, viz. acetonitrile, toluene, dichloromethane and chloroform (all of HPLC grade), were purchased from Merck (Darmstadt, Germany).
Methacrylic acid was distilled in vacuo prior to use to remove the inhibitors. AIBN was recrystallized with ethanol before use. Chloroform was purified by washing with water to remove ethanol, dried with calcium chloride, heated under reflux with calcium chloride and then distilled. All other A.R. chemicals were used as procured.
Polymer synthesis
For this purpose, 0.631 mg of B[α]P was placed in a 18 mm × 180 mm borosilicate glass tube and dissolved in one of the four solvents to which 8 mmol of methacrylic acid (MAA), 40 mmol of the cross-linking agent (EGDMA), 25 mᐉ of the solvent and the initiator AIBN had been added. The mixture was then sonicated for 5 min and nitrogen bubbled through it for 10 min to remove the dissolved oxygen before the tube was sealed under reduced pressure. The solvent added to the mixture to allow the synthesis of the respective MIP was acetonitrile (for MIP1), toluene (for MIP2), dichloromethane (for MIP3) or chloroform (for MIP4). Polymerization was allowed to continue for 24 h, with the mixture being maintained in a water bath at 50 ºC. The solid polymer formed was crushed and ground, sieved and allowed to sediment to obtain particles in the size range 30-50 µm. Fine particles were removed by repeated decanting in acetone. Finally, the particles were dried under vacuum at 60 ºC. The blank polymers (NIPs) were prepared and treated identically, except that no template was present during the polymer preparation.
Adsorption experiments
Adsorption experiments were undertaken using bulk methods at 25 ºC employing a shaker operating at 100 rpm. Two kinds of experiments were performed. The first was conducted to establish the kinetics of the adsorption process, thereby determining the time necessary to saturate the MIPs. In this experiment, samples of the supernatant were taken periodically and their B[α]P content determined. The second type of experiment was used to determine the adsorption isotherm, employing samples with different B[α]P concentrations. Adsorption was allowed to proceed for 6 h before the content of B[α]P in the supernatant was determined. 
Polymer surface analysis
The surface morphologies of the polymers were characterized by scanning electron microscopy using a JEOL JSM-5200 scanning electron microscope operated at a voltage of 15 kV, a current of 10 -12 to 10 -9 A and a magnification 10 000×. All samples were gold-sputtered at 15 kV for 200 s using a JEOL JFC-1000E ion sputter fine coat under vacuum (ca.10 -3 Torr). The pore parameters and surface areas of the MIPs and NIPs were measured via a JEOL JSM-6400 nitrogen porosimeter (JEOL, Peabody, MA, U.S.A.). For this purpose, a 100 mg quantity of dry polymer was degassed at 170 ºC under a nitrogen flow for ca. 6 h prior to measurement. The nitrogen adsorption/desorption data were recorded at liquid nitrogen temperature (-196 ºC) . Specific surface areas were calculated using the BET equation. Similarly, the mesopore-size distributions were determined using the Barrett-Joyner-Halenda (BJH) method, while the micropore-size distributions were determined employing a micropore analysis method.
Fluorescence spectrophotometric analysis of B[α]P
The concentration of B[α]P was estimated using a Hitachi model F-4500 fluorescence spectrophotometer (Hitachi Corp., Tarrytown, NY, U.S.A.) employing an excitation wavelength, λ ex , of 266 nm to obtain the emission peak in the emission-excitation matrix (EEM) mode with an integration time of 90 s. The fluorescence intensity of the peak represents the concentration of B[α]P in the sample. The fluorescence spectrophotometer was calibrated for the quantification of B[α]P with two internal standards employing triplicate measurements of standard solutions at four different concentration levels in the concentration range from 10 ng/mᐉ up to 100 mg/mᐉ. The spectral peak areas were integrated using the software package CLASS-VP (Hitachi, Japan), allowing linear calibration functions of the peak area versus the concentration with correlation coefficients R > 0.999 (number of data points, n = 9).
Molecular simulations of template-monomer interactions
Molecular simulations were performed using the HyperChem Release 8.0 software on the Microsoft Windows platform. A dedicated PC configured with 2 GB of memory and 160 GB hard disc software was used for this purpose. The monomer-template interactions were computed in different virtual solvent boxes -acetonitrile, toluene, dichloromethane, chloroform -with a specific number of solvent molecules based on the expression:
Number of molecules = (density × volume × Avogadro's number)/molecular weight Once the solvent box had been prepared, the monomer and template molecules were placed into the virtual box and the interaction energies calculated via quantum mechanical calculations. The conformations of B[α]P and MAA were optimized for all four solvents chosen for the study. Ab initio calculations were undertaken using a 3-21G function to compute the optimum binding energy between the template and the functional monomer. The program was repeated for 10 000 iterations, the results examined and the empirical binding energy evaluated. The ∆E values for B[α]P and MAA were calculated using equation (1):
A higher value of ∆E corresponds to a stronger binding affinity between B[α]P and MAA during the polymerization reaction in a particular solvent.
RESULTS AND DISCUSSION
Polymer morphological properties
The study of certain polymer traits can yield important information regarding the physical characteristics of an adsorption process. Surface properties profoundly influence the adsorption properties of the polymer. Thus, the importance of the solvent has been demonstrated by previous studies (Fu et al. 2001; Bruggemann 2001) , the type and amount of solvent employed during the polymerization having a profound impact on the adsorption capacity of the resulting MIP. Studies performed by Bruggemann (2001) area of the NIP (Cormack and Elorza 2004) . It has been shown that an increase in the volume of solvent used increases pore formation (heterogeneous surface) and leads to a low pore volume relative to identical polymers prepared in low solvent volumes. In the present study, the scanning electron micrographs (SEMs) of the prepared MIPs clearly indicated pores embedded in the MIPs, with the porous nature of polymer surface leading to an increase in the surface area of the polymer (Figure 2) . Additionally, these pores (formed as a result of imprinting) reduce the diffusional resistance and facilitate mass transfer because of their high internal surface areas. As the average pore size diameter increases, the steric comparability of the B[α]P molecule increases and this leads to an increase in the rate of adsorption as observed experimentally. Furthermore, the higher pore volumes and surface areas are indicative of a higher capacity and better formed pores in the polymer. However, under such circumstances, template self-association can provide a problem in terms of the aggregation of numerous B[α]P molecules together within the same pore. In terms of the surface area of the MIPs, B[α]P synthesized in acetonitrile solvent had a surface area of 853 m 2 /g whereas NIP produced under the same conditions had a surface area of 228 m 2 /g. In the case of NIPs, it would be expected that larger pore sizes would lead to a decrease in the surface area. However, as shown by the data listed in Table 1 , the prepared NIPs exhibited a larger pore size which led to an increase in surface area. This result indicates that a relatively large population of pores in the nano-and lower meso-porous range still existed in the samples. This would also explain the adsorption capacities of these samples observed in the adsorption studies. 
Adsorption isotherms of MIPs
The Langmuir-Freundlich (LF) model was used to analyze the adsorption behaviours of the MIPs. As depicted in equation (2), the LF model describes the relationship between the equilibrium concentrations of the bound (B) and free (F) guest molecules in heterogeneous systems:
(2) B N aF aF t m m = + 1 where N t is the total number of binding sites, a is related to the binding affinity (K 0 = a 1/m ) and m is the heterogeneity index that varies from 0 to 1 (m = 1 indicates the medium is homogeneous). The time course of the adsorption indicated that 3 h was sufficient for the adsorption process to attain equilibrium. Here, we use the LF model to plot the adsorption isotherms of MIPs and NIPs, respectively. Equation (2) was used to fit the adsorption isotherm employing a non-linear leastsquares method. The data obtained are listed in Table 2 . 
Molecular simulations
The theoretical binding interactions between the monomer and template (B[α]P) were studied using the HyperChem 8.0 software as mentioned above. Although the experimental investigations demonstrated qualitatively that there was an affinity between the polymer and B[α]P, molecular stimulations provided a quantitative estimate of the binding energy. Molecular stimulations are useful for calculating the partial charges on each of the atoms of the molecule (Delaunay-Bertoncini 2003) . From this, it was deduced that there were several sites on the molecule capable of undergoing electrostatic interactions. The molecular modelling employed here showed that there was some degree of delocalization between pairs of electrons associated with the aromatic carbon atoms on the five-membered ring. The magnitude of ∆E for B[α]P with MAA in different solvents showed the same decreasing trend as calculated from the adsorption experiments, being in the order: |∆E MIP-1| > |∆E MIP-2| > |∆E MIP-3| > |∆E MIP-4| (see Figure 4 ). The results listed in Table 3 indicate that acetonitrile had the highest affinity towards both the template molecule, B[α]P, and the monomer, MAA. This affinity acts as a shield or reduces the interaction between B[α]P and MAA, a necessary requirement for formation of the B[α]P-MAA complex of complementary structure prior to the initiation of the polymerization.
Acetonitrile, on the other hand, had the smallest effect on the formation of the B[α]P-MAA complex, as indicated by its smallest ∆E value. Thus, the MIP synthesized in acetonitrile would have the highest adsorption capacity due to the weakest influence of the solvent on the interaction between B[α]P and MAA. According to ab initio calculations, B[α]P had the lowest interaction energy with MAA in chloroform and dichloromethane, a fact which is not reflected in the dielectric constant values. This conflict probably arises from the weak π-π interactions between B[α]P and MAA, with hydrogen bonding being negligible . 
